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DEVELOPMEOT OF A GEL-FREE MOLECULAR SffiVE 
BASED ON SELF-ASSEMBLED NANOrARRAYS 

CROSS-REFERENCE TO RELATED APPLICATION 

This application is based on U.S. Application No. 60/184,201, filed February 22, 2000, 
tiie disclosure of wMch is incoipprated by reference. 

STATEMENT REQARPING FEDERALLY SPONSORED RESE^ 

The U.S. Government has certain rights in this invention pursuant tp grant No. NAS 7- 
1407, awarded by 4e National Aeronautics and Space Adm 

FIELD OF THE INVENTION \ 

> The present inveiitioti is diriscted to a se^"^^ 
separation of molecules. 

BACKGROUND OF THE INVENTION 

This invention relates in general to self-assembled nanometer-scale arrays used as 
molecular sieves in the separation of molecules by differential transport through the array, and 
in particular tp self-assembled carbon nanotube arrays used as electropHpretic sieves for DNA 
sequencing arid separation ofbiological molecules comprising a self-assembled carbon nanotube 
array arranged on a substrate and an electromagnetic field generator for applying a potential . 
across the array sieve producing a characteristic mobility hi the molecules. 

Electrophoresis is the predominant technique for separating DNA fragments obtained 
from restriction maps of complete genomes (millions of base pairs long) and for largerrscaie 
sequencing projects, like the Human Genome Initiative. Electrophoresis has also become an 
essential tool for cliriical chemistry applications. In conventional electrophbretic sieves, 
electrophoretic separation pccnrs by differential transport of poly electrolytes, such as, DNA 
molecules md proteins, through a medium or device in the presence of an electric fiield. The 
medium acts as a sieve, producing a size-dependent mobility in the molecules. In slab gel 
electrophoresis, the sieving medium is provided by a slab gel of agarose or polyacrylamide 
polymers, which contain naiiometer-size pores. For example, an agarose gel is made by placing 
agarose into solution with a suitable solvent arid the pore size depends on the concentration of 
agarose in solution according to the equation: 

a« 89t yl^^^^nm ; (1) 

where a is the pore size and A is the concentration of the agarose in (g/mL). Pore size for an 
agarose gel with A ~ 0.1 to 1.0 g/mL is m the range of -100 to 500 nih. 

Polyacrylamide polymers are produced through a polymerization reaction of acrylamide 
and methylenebisacrylamide. By controlling the conditions of the reaction, such as acrylaniide 
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conpentration and the degree of cross-liiddng, the pore structures thus formed can be reprpducibly 
• controlled and can have pore sizes as small as a few nanometers. Because of the small pore size, 
polyacrylamide gel electrophoresis (PAGE) is the method of choice for separating small DNA 
strands (<1 000 bases) for DNA siequencing or genetic mutation studies, such as cancer detection 
or toxicology, \ 

Despite the wide-range of pore sizes available, and the welUdocuraented reproducibility 
of the conventional gel el^trophoresis techniques, severe tooughput limitations, size limitations 
and the need for cleaner, hardier and more user-fiiehdly technologies have led a number of 
researchers to look for ways to improve the automation and rapidity of electrophoretic 
techniques. For example, sequencing speed is limited in gel electrophoresis because the electric 
fiields used to push the molecules through the sieve must be kept low to avoid Joule heating of 
the gel, which could cause degradation of the gel material In addition, gels are not very durable, 
requiring constant replacement which results in the further requirement for extra?plumbuig and 
reservoirs to allow facile replacement of ihe^^^ 
electrophoresis equipment 

One recent advance has been capillary electrophoresis {CE) . In capillary electrophoresis, 
a small diameter capillary acts as the sieve for the molecules. CE has gained v^despread 
popularity because the small-scale CE sieve structures allow for the facile dissipation of excess 
heat, which in turn allows for the use of higher electric fields resulting in a reduction in 
sequencing time. However, CE systems still contain gels and would thus not be appropriate for 
extended periods of use, because of the added complexity of storing replaceable gels and 
injecting them periodicaUy in the niicro-cKannel struck 

Hybridization techniques have offered some promise for rapid separation. However, 
technical issues in data collection, such as low signal-to-noise ratios and analysis, such as 
computationally intensive combinatorial analysis have prevented hybridization techmques frojpa 
becoming the standard in DNA analysis. 

More recently, researchers at Princeton have introduced micro-fabricated arrays as 
artificial sieving structures to replace polymer-based sieves. These artificially fabricated arrays 
have several advantages compared to both the polymer gels and the capillaries including: 1) the 
possibility of using ultm;-high fields enabling higher speed separation and real-time monitoring 
of DNA samples; 2) the use of a non-viscous medium leading to higher durability and which in 
turn could possibly lead to the development of permanent sieves; 3) the flexibility and 
controllability of the configuration of the sieving structure would allow for analysis over a broad 
range of molecular sizes, fiom simple DNA fragments to full chromosomes, and the production 
of devices on a veiy large scale for parallel processing; 4) because these structures can also be 
fabricated with extremely regular sized and spaced sieve features, the separation resolution 
should be improved leading to further miniaturization of the electrophoresis device, including 
the possibility of an electrophoresis analyzer on a chip; and 5) because the sieves can be built 
from inert substances analysis can be made of a variety of biomolecules. 
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One example of a micro-fabricated array fonned using ion-beain Uthograpby waS ' 
disclosed by Duke et al., in Electrophoresis^ vol. 18, pages 1 7-22 (1 997), incorporated herein by 
reference. Duke et al. produced a periodic anray of pillars lOOntn in diameter and 100 nm apart 
and demonstrated the ability to differentiate the electrophoretic mobility of DNA molecules 
between 7.2 and 43 kilobases (kb). Other disclosures of lithographically produced arrays for the 
use in electrophoresis devices are described in U.S. Patent Nos. 5,1 10^339 and 5,837,1 15, both 
of which are incorporated hereui by reference. 

While this method clearly $hows promise for providing iiano-sc^e array sieves for 
separating DNA molecules having several thousand base pairs, the lower limit for array features 
made usiiig such lithographic techniques is about 1 00 nm, indicating that smaller DNA mol^^ 
cannot be separated. Moreover, due to the time-intensive nature of e-beam lithography, it is not 
suitable for the economical fabrication of large dense arrays of with pore sizes approximately 
below 50 imi. This in turn limits the application of such sieves to DNA separation but not 
sequencing, which requires th<e separation of DNA molecules as small as a few base pans long. 
In order to provide separation of molecules of up to 600 bases, inter-post separations of 
approximately 15 to 30 nmwillbe needed. 

Moreover, despite the progress made in recent years in developing new techniques to 
produce smaller and smaller features via lithographic techniques such as ion beam or electron 
beam lithography, it is clear that increasingly costly efforts are being required to sustam th^ 
progress. While deep UV and X-ray lithography offer hope of uicremental unprovements in 
resolution, lithographic and patterning techniques for reproducibly producing features at the 1 0 
to 30 nm level are essentially nonexistent at the present time. The resolution limit of currently 
available patterning technologies niake it apparent that entirely new approaches will be needed 
to sustain the rapid progress that has characterized the last few decades of semiconductor 
technology development 

One novel approach to making nanometer-scale structures utiKzes self-^ 
and molecules to build up functional structures. In selfnassembled processing, atom position are 
determined by fimdamental physical constraints such as bond lengths and angles, as well as atom- 
to-atom interactions with other atoms in the vicinity of the site being occupied. Essentially, self- 
assembly uses the principles of synthetic chemistry and biology to "groV complex structures 
from a set of basic feedstocks. Utilizing such techniques molecular motors have been 
synthetically produced containing fewer than 80 atoms. Two relatively simple examples of self- 
assembled structures fonned using chemical vapor deposition (a process commonly used in thin 
film deposition, including crystkl-growth) include carbon ftdlerenes ("buckyballs") and carbon 
nanotubes. In addition, dense arrays of carbon naaotubes have been grown on surfaces and such 
arrays have been utilized as nano field emitter arrays, atomic force microscopy probes, nanoscale 
transistors, actuators, high-Q mechanical resonators and a variety of sensors. 

While fabrication processes based on self-assembly at the nanometer scale have a number 
of advantages over the conventional lithography techniques, including avoiding the blanket film 
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depositions, lithography, and subtraclive processinjg characteristic of conventional nanor-scale 
manufacturing, until recently there has been no method based on self-assembly for fabricating 
uniform nano-arrays of the type necessary to build an instrument for electrophoretic separation. 
Instead, the nano-arrays formed have been disordered on a fine scale with uncontrolled spacing 
between individual nanotubes and a significant spread in nanotube diameters. 

Recently, a technique has been developed that relies on selE-assembly to produce 
geometrically regular nanotube arrays with excellent untformity . This process is based upon the 
self-organizing formation of highly uniform pore arrays in anodized aluminxmi films. First, a 
nanochannel alumina structure is formed by anodizing an aluminum film under conditions that 
lead to hexagonally-ordered arrays of narrow channels with very high aspect ratios. The 
nanochannel edumina structure is then used as a template for the growth of nanotube arrays of 
carbon and other materials^ includmg metals and some semiconductors. The jfull process 
technique is disclosed in ^pp/. P/iy^. Lett, vol. 75, pg 367 (1999), and is incorporated herein by 
reference. Utilizing this technique the authors were able to grow nanotube arrays comprising 
uniform carbon nanotubes with a diameter of 32 nm. Despite the promise of this new technique, 
there have been no attempts to adapt the technology to grow array structure capable of being used 
as an electrophoretic sieve for analyzing and sequencing DNA and RNA. 

Accordingly, a need exists for a durable non-gel sieving device capable of analyzing a 
wide range of molecular sizes under the influence of ultra-high electric fields and capable of 
being produced on a large scale for parallel processing. 

SUMMARY OF THE INVENTION 

The present invention is directed to a device and system for utiliiring a ribn-gel self- 
assembled nano«array molecular sieve for analyzing biomdiecules. jn one particular embodiment 
this invention utilizes a lion-gel ordered sel&assembled array of nano-features that functions as 
an electrophoretic sieve to sfeparate biomolecules. This invention is also directed to isystems for 
integrating flie non^gel ord^^ self-assembled nano-array sieve of this invention into a device 
for separating biomolecules. This invention is also directed to novel methods for separating a 
wide range of biomolecules using the non^gel ordered self-assembled nano-array sieve of the 
invention. 

In one embodiment, the self-assembled nano-array of the present invention is incorporated 
into an electrophoretic micro-device comprismg a self-assembled nano-array according to the 
present invention, a field generator for applying an electric field across the sieve, and a detector. 
The self-assembled nano-array sieve is designed to differentially transport polyelectrolytes, such 
as DNA molecules, proteins, etc., through the sieve m the presence of an electric field to produce 
a characteristic distribution ofthe introduced molecules. The nano-array is placed in Ime-of-sight 
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^ with Ihe detector such that as tiie molecules e?^^ 

region of the detector, The detector then analyzes the exiting moie^^ 
the eriliag moleciile can be determined. 
^ . In one embodiment, the self-assembled nanp-array sieve comp^^ 

; ; periodic array of features such that in the presence of an appropriate feedstock the atoms of the 
feedstock self-assemble on the ordered features of the substrate to produce an ordered array of 
nano-features having non-random alignment and size distribution. In one embodiment the size, 
shape and pattern of the self-assembled nano-array features grown on the substrate are adapted 
10 such that molecules within a specified size range can be separated. The substrate wafer is 
preferably made of a substance that reacts with the feedstock to produce the self-assembled 
structures. 

In another embodiment the nano-array features self-assemble into nahotubes having a 
specified (Uameter and height suitable for use in ^e sieve of 

In an alternative embo(^ent, the substrate is made of ^ semiconductor such as, for 
example; oxidized silicon or aluminum oxide, coated with a metal catalyst film such as, for 
example,Ni or Go/IntMs embodiment, t^^ 
properties of the substrate surface, 
20 another alternative embodiment, the self-assembled nano-array sieve is confined in a 

' channel and the outer surface of the array optionally covered with a cap layer so as to enclose the 
nano-array sieve such that the DNA molecules are confmed within the sieve during separation. 
In such an embodiment, either the cap layer or the substrate must be transparent to light such that 
optical detection schemes can be utilized to analyze the molecular distributiori. . In this 
embodiment, reservoirs can be integrated into the chamiel and cap to provide an entrance point 
for the molecules to be tested. 

In another alternative embodiment, the nano-array features are self-assembled firom an 
inert niaterial such as, for example, carbon utilizing a carbon feedstock gas such as, for example, 
acetylene. 

In yet another alternative embodunent, the detector comprises a laser induced 
fluorescence system such as, for example, a laser diode enodtter in conjunction with a binary 
superimposed grating, or conventional optics and a photomultiplier tube. 

In still another alternative embodiment, the electrophoresis system of the present 
33 invention is utilized in combmation with a DNA sequencer. In such an embodiment, the DNA 
strands would be labeled with a specific dye for each of the chain-terminating dideoxynucleotides 
and a binary superimposed grathig hi conjunction with four spatially separate optical detectors 
would be utilized to determine tiie identity of the tested inolecules. In this embodiment. 



-5- 



wo 01/63273 PCT/US01/06p35 

preferably the carbon nanotube array would have a pore siase of about 1 S nm and the molecules 
would have a size up to about 1 ,000 bases long. 

In still yet another alternative embodunent, the invention is directed to a system for the 
detection of substances comprising multiple sieve paths and detectors as described above, such 
that parallel processing of molecxdes can be carried out 

In still yet another additional embodiment, the invention is directed to a method for 
separating molecules based on molecular size. The method comprises analyzing molecules 
introduced into the self-assembled nano-array sieve as described above. 

BWEFDESCIUPTIONgFT^ / 

ITiese and other features and advantages of th^ 
by reference, to the following detailed description when considered in conjunction with the 
accompanying drawings wherein: . 

FIG. 1 is a schematic view of an embodiment of a nano-array sieve according, to the 
invention. 

FIG. 2 is a schematic view of anembodment of an^mp-array sieve in operation according 
to the invention, 

FIG. 3aisaschematicviewofanembodimentof aproce^^ 
. according to the invention. v ' . 

FIG. 3bisaschematic viewofanembodimentofaprpcessforformingan^ 
according to the invention. 

FIG, 3c is a schematic view of an embodiment of a process for forni^ 
according to the invention. 

FIG. 3d is a schematic yiew of an embodiment of a process for forming a nano-array sieve 
according to the invention, 

FIG. 4 is an SEM image of an embodiment of a nanb-airay sie^ve according to the 
invention. , 

FIG. 5 is a schematic view of an embodiment of a molecular sieve device according to 
the invention. 

FIG. 6 is a schematic view of an embodiment of a molecular sieve device according to 
the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is durected to a molecular sieve instrument comprising a non-gel 
self-assembled nano-scale periodic array sieve for discriminating molecules based on a 
characteristic mobility. As shown in FIG. 1, the molecular sieve 10 comprises a substrate 12 
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having proximal 14 and distal ends 16 and an array 18 of self-assembled nano-features 
comprising an ordered repeating pattern of nano*features 20 arranged on the substrate 12 of the 
molecular sieve 10. In operation, an electric field 22 is applied across the length of the array 18 
from the proximal 14 to the distal 16 end such that molecules 24 introduced onto the array 18 
surface move through the array 18 to a detector (not shown) in a time dependent on a 
charaQteristic of the molecule 24, such as, for example size, charge, chemical inertness, etc. 

Although in the embodiment shown in FIG. 1, the self-assembled array 18 of nano- 
featufes comprises periodic rows of uniform nano-features 20 attached to the substrate 12, any 
other arrangement of nano-features 20 suitable to function as a molecular sieve 10 can be utilized 
such as, for example, staggered arrays of uniform nano-features or uniform rows of nano-features 
having alternatkig sizes. In another alternative embodiment the spacing of the nano-features 20 
is varied to produce a gradient gel for which sieving properties vary q}atially. Additionally, 
while FIG. 1 only shows a molecular sieve 10 deposited on a flat substrate surface 12, any 
geometry of substrate 12 suitable for use as a molecular sieve 10 could be utilize4 such as, for 
example, a curved, corrugated or tubular substrate. It will be understood that the design of the 
molecular sieve 10 according to the present invention is necessarily driven by the molecules 24 
to be separated as the sieving ability of the molecular sieve 10 is seiisitively dependent on both 
the geometrical size, shape and spacing of the nano-features 20 as well as the size and properties 
of the molecules 24. The molecular sieve 10 itself has two characteristic sizes: (1) the nano- 
feature size and (2) the nano-feature spacmg, or pore size. Using an iterative process, the nano- 
features 20 can be optimized to separate molecules 24 of a specified size or other physical 
property, then other parameters can be selected to optimize operation, such as, for example, 
electric field 22 strength, detector and the mechanical properties of the sieve body. Accordingly, 
although the self-assembled molecular sieve 10 of the embodiment shown in FIG. 1 comprises 
a uniform array 18 of uniform cylindrical jaano-features 20, it should be understood that any 
shape, size or spacing of liano-features 20, as described abpve^ can be utilized in the molecidar 
sieve 10 of the current invention such that the pore size and sieving properties of the array 10 are 
smtable for use as a separation device for the molecules 2^ 

For example, a sieye must possess specific properties to separate double strand DNA 
(dspNA) and single strand DNA (ssDNA) molecules. The DNA molecule generally appears in 
its dsDNA coiifiguration. The dsDNA molecule can span a wide variety of sizes, ranging fi-om 
a few ldlo*base-pairs (kbp) to many Mbp, such as, for example, chromosomes. To provide 
sequencing capabilities, on the other hand, the molecular sieve 10 niust be able to process ssDNA 
molecules which are produced by Maxam-Gilbert or Sanger sequencing reactions. In contrast 
to the dsDNA molecule, the ssDNA molecule tised for sequencing is typically no more than 
1,000 b^es long. Accordingly, the design of a molecular sieve 10 intended to separate either 
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^ form of DNA requires that the conjSprmational behavior of ssDNA and dsDNA under 
electrophoresis be known/ This behavior, in turn, strongly relies on the physical properties of the . 
array 18 and sieve 10. For example, if the gaps or pores between the nano-features 20 in the 
^ arrays 18 are smallerfean 30 mn,pdsed electrophoresis utilizing a pulsed electric 

requires the bending of DNA, may not be feasible because of the minimum bending diameter of 
dsDNA (D^ 3 0 nm). Also, the value of the electric field 22 E compared to the electric field 
required to balance the thermal motion of Kuhn segment will influence the stretching 
configuration of the molecules 24. The relaxation time, or Rouse time T^, associated with the 
10 molecules may also impose a limit on the design dimensions of a molecular sieve 10 for 
sequencing. Table 1, below, compares the physical properties of the ssDNA and dsDNA 
molecijles. . . 
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Table 1: Properties of dsDNA and ssDNA 


Property. . 


ssDNA 


dsDNA 




Nucleotide length (n) 


« bases 


« base pairs 




Persistence length (p) 


-0.75 nm 


~50nm 


20 


Kuhn length (Z?) 


J.5 nm (--3 bases) . 


100 nm (--300 base pairs) 


# Kuhn segments (N) 


~«/3 ' 


--«/3d0 




DNA contour length (I) 


-^SOOnmCrt-lkb) 


N'b 

-30|iim(/i~100kbp) 




Random coil gyration radius {K^ 




- {l/3'P'Li\'p/L^p/L-e''^}'^ 


25 




'-50nm(/j'-lkb) 


-yOOnmCw-iOOkbp) 




Minimum bending diameter (D^) 


-O.SOnm 


- 30 nm . 




Charge/Kuhn length (q) 


-1 e 


-50 e 




Friction coefficient/Kuhn segment (Q 


^ 8'10-^^kg/s 


4a0:^°kg/s 


30' ^ 


Electrophoretic mobility 


2-10-*ra% V . 


2-10-?m%V 




Electi-ic field streng& to balance 


10' V/cm 


50 V/cm 




thennal motion at T 25 **C 






35 








Time associated with Brownian 
motion of Kuhn segment at T - 25 **C 
(t = ;-6^/k-T) 


10« s 


10'^ s ' 




Rouse time 


10-* s 


Is 




(Tr-t-N^/(3-k^)) 


(«-lkb) 


fh-lOOkbp) 



wo 01/63273 PCT/USOl/06035 

^ A schematic diagram ofthemechamsm of separati^^ 

in FIG. 2. Three DNA molecules 24a, 24b, and 24c, are pictured at even time intervals (tl to t4), 
as they migrate through a row of naao-features 20 inamolecularsieve lO. The longest molecule 
24c is most hindered by the interaction with the nano-features 20 and is consequently the last to 
arrive at the next row* The reason for this demonstrated behavior is that molecules 24 having 
different sizes relative to the pores between the nano-features 20 in the array sieve 10 interact 
with the nano-features 20 differently. For randomly coiled molecules whose gyration radius is 
smaller than the pore size 26 of the self-assembled molecular sieve 10, such as for molecule 24a, 

10 sieving, also called Ogston-sieving, occurs and the migration speed is dependent on the gyration 
radius of the molecule 24a. For larger strands (such as the DNA molecules 24b and 24c), the 
molecules need to uncoil to fit through Ihe pores, as shown at t2. To overcome this limitation^ 
the electric field 22 can be increased to allow stretching of the molecules 24 to occur. Under the 
influence of the electric field 22, Ihe molecule 24b ttien reptates ijiough the pores with snake-like 
movement and the migration speed is dependent on mole^ However, 
there is an vg)per limit to the effectiveness of uniform array sieves. For exarnple, at higher 
electric fields or for longer strands, molecules wrap themselves around the naiiorfeatures 20, as 
showri\for molecule 24c at t2, with both sides of the molecule 24c hanging on either side of the 

20 nano-feature 20 under the tension of the electric field 22, In molecular sieve 10, such as that 
shown in FIG. 1 , molecules 24 slide or hook around the nano-features 20 as in a pulley system, 
thus freeing the molecules 24. This episodic "hooking", unlike reptation or Ogston sieving, does 
not segregate between molecular sizes in uniform armys, and does not appear to be an effective 

^ sieving mechanism. Likewise, at very high fields, DNA molecules 24 are Mly-stretched and 
slide through the nano-features 20 unperturbed because of the regularity of the sieve 10 (a 
phenomenon absent in gels because of the randomness of the sieving structure). Accordingly, . 
if a sieve 1 0 is made having gaps, or pores, 26 between nano-features 20 of 1 5 nm^ 
length of the molecule 24 that wpuld obey the Ogsten sieving regune would be n 50 bases, 
while for molecules 24 longe? than 50 bases, reptation or even hooking might occur. Such 
physical limitations can be overcome by using staggered arrays, as shown in FIG. 2 or by piilsing 
a second electric field 28 at a field vector angled in relation to the vector of the driving electric 
field 22, Accordingly, the design of the molecular sieve 10 as well as the operating conditions 
of the electric field 22 will depend on the size and size range of the molecules 24 to he separated. 

35 While the self-assembled nano-arrays 18 contemplated in many of the embodiments 

discussed in the present application are constructed of carbon nanotube nano-features 20 made 
firom pyrolizing an acetylene feedstock over a substrate having an ordered array of germination 
points, the nano-features 20 can be of any shape and made by any process and firom any material 
suitable for making self-assembled nano-features, such as, for example, spheres or pyramids 
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made of other atomic materials or even bioinolecules, such as, for example, proteins. In another 
embodiment, the nano-features 20 are further fimctionalized for a variety of applications, such 
asj for example, being made hydrophilic or hydrophobic, being charged either negatively or 
positively, or being derivatized with specific chemical groups, etc. 

The substrate 12 can be made of any material which can withstand the temperatures 
required for growth of the nano-features 20 and which can be modified to provide a suitable 
ordered array of germination points for growing the nano-features 20 of the array 18, such as, for 
example, metallized Si oxide wafers, anodized alumina, glass, or even polymeric plastics. In 
turn, any suitable catalyzing metal can be used to activate the germiiiation points on the surface 
of the substrate 12, such as, for example, nickel or cobalt. Alternatively, the catalyzing metal 
could be an alloy of two or more metals such as a Co/Ni alloy, The metal catalysts could also 
be produced by pyrolysis of inorganic or organic metal^containing compounds, such as, for 
example, Fenic Nitrate or Cobalt Chloride. 

One possible process for formiiig the molecular sieve 10 of the preseiit invention 
comprising nanptube nano-features 20 utilizing a chemical yapor deposition (CVD) technique 
is shown, schematically in FIGs. 3a to 3d, In a first step, ias shown in FIG. 3a^ a substrate 12, such 
as j for example, silicon is coated with a high purity metal fihn 30, such as, for example, Al. The 
metal is then anodized in a multistep process to produce germination points or pores 32 in the 
highly ordered sieve array 18 in the metal oxide surface 30, as shown in FIG. 3b. Next, a small 
amount of catalytic material 34, such as, for example, Co or Ni is electrochemically deposited 
in the bottom of the pores 32 to serve as a catalyst for carbon nanotube nano-feature 20 growth, 
as shown in FIG. 3c. Finally, as shown in FIG. 3d, the nanotube nano-features 20 are self- 
assembled by pyrolysis of a suitable feedstock, such as, for example, acetylene gas diluted in 
nitrogen and/or ammonia at about 650°C and the nanotube nano-features 20 then partially 
exposed by etching the metal oxide film 50 in a mixture of phosphoric and chromic acids. The 
anodized surface 30 and the catalyzed pores 32 serve as a template such that the nanotube nano- 
features 20 self-assembled in an ordered array 18 corresponding to the pores 32 in the anodized 
metal substmte 30. A detailed description of this method for the self-assembled growth , 
mechanism of a well-ordered self-assembled carbon nanotube ^ay is found in, Appl Pfys. Let. 
vol. 73, page 3845 (1998), wMch is mcorporated hereb by refe^^ 

FIG. 4 is an SEM micrograph of a self-assembled nano-array 18 comprising nanotube 
nano-features 20 produced by this process. As shown, utilizing this technique, nanotube nano- 
features 20 of uniform length and cross section and with only a 5% spread in diameter can be 
grown in very regular hexagonal arrays of parallel nanotubes. Moreover, the relatively low vapor 
deposition growth temperature makes the technique compatible with basic Si processes. 
Furthermore, because the pore diameter is proportional to the anodization voltage, the pore size 
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can be controlled from 1 0 nm up to several hundred nin wifli nanp-feature areal densities as high 
as 10" cm"^. Voltage control of the nanochannel diameter also offers the possibility of 
optimizing the nanp-feature diameter for sieving molecules with different baselengths. 

Determination of an appropriate shape, size and spacing of self-assembled nano-features 
20 for a specific molecular sieve 10 can be determined via any traditional theoretical 
electrodynamic calculation method. The description and modeling of polyelectrolytes (e.g., 
DNA, RNA and almost every protein) is difficult due to the competing interaction of short and 
long range interactions, which introduce new length scales and new degrees of freedom to the 
well understood concepts of neutral polymer physics. Techniques must take into account both 
the interplay of various length scales inherent to systems of polyelectrolytes and also in the . 
different regimes of concentrations of chains, but also the crucial fole of screening interactions 
bfpolyelectrol3l:es by the counter-ions and salt ions in soluti^^^^ , 

Suitable simdations may employ potential fw 
as, for example, Lemiard Jones field, multibody interactions (Morse-type potentials), bonded 
interactions and for the Ipng-range electrostatic interactions. Such molecular dynamics, 
simulations may use smy conibiimtipti of conventional algorithms, such as, for example, (a) the 
Nose-Hoover algorithm for constant pressure and constant temperature systems; (bX optimized 
or hon-pptimized interpolation Particle-Particle-Particle-Mesh and multiple algorithms with tree 
data structures for the treatment of the long range electrostatic potentials in periodic and non- 
periodic systems; and (c) efficient domain decomposition techniques that allow for efficient 
parallelization for short-range forces. Multiple steps for the integrations can also be utilized to 
model separate time scales. Simple multibead-spring models, which can be mapped onto realistic 
polymer and^or polyelectrolytes can be utilized as , approximations to investigate chain 
conformations of polymer blends and polyelectrolyte solutions m various concentration regimes 
and in solvents of different quality such that the counter-ions and salt ions can be taken into 
account. Some examples of conventional modeling techniques that may be utilized include: the 
non-equilibrium molecular dynamics (NEMD) technique arid the non-equilibrium Browiiian 
dynamics (NEBD) technique. NEMD is a convenient and precise method to investigate the 
response of a complex fluid to an external, e.g.flowfield. The NEMD technique is ^ased on the 
numerical solution of Newton's equations of motion for many particle systems whose 
interinolecular potentials are given. NEBD and the "equivalent*' Fokker-Planck equations treat 
the dissipative part of the NEMD motions in a less precise, but very efficient way. 

In one embodiment, as shown in FIG, S, the self-assembled molecular sieve 10 is 
incorporated in an electrophoretic instrument 40 which comprises a substrate 42, a sieve body 
44 having proximal 46 and distal 48 ends and sieve walls 50 enclosing an internal volume 52, 
a non-gel self-assembled periodic nano-array sieve 54 arranged within the internal volume 52, 
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an electric field generator 56 in field cpnununication wifli the aixay sieve 54, a molecular 
reservoir 58 in fluid cormmmication with the proximal end 46 of the sieve body 44 and a detector 
60 m signal coinmunication with the distal end 48 of the sie^^ 

hi operation, molecules 62 are placed into the molecular reservoir 58 and power is 
supplied to the electric field generator 56. The application of power to the electric field generator 
56 produces an electric field 64 having a specified charge vector and strength. This electric field 
64 is applied across the sieve 54 from the proximal 46 to the distal 48 end of the sieve body 44 
such that the poly electrolyte molecules 62 stored in the molecular reservoir 58 at the proximal 
end 46 of the sieve body 44 are induced to move through the sieve 54 firom theproximal 46 to 
the distal end 48 of the sieve body 44 to the detector 60 imder the influence of the electric field 
64 at a rate= dependent on a characteristic of the molecule 62, such as, for example, size. The 
detector 60 is arranged with the end of the sieve 54 such that molecules 62 passing out of the 
sieve 54 are analyzed by the detector 60. Utilizing this technique, sequencing with a 0.1% length 
i-esolution can be p^itformed with self-assenabled nano-array sieves 54 in a time of 100 seconds 
over a 1 0 cm sieve length, For separation based on conforraation, fiill separation can be 
perfonned in seconds over a 1 cm array sieve 54. 

The sieve body 44 itself cm be made of ainy material suitable for micrpmachining 
utilizing standard lithographic or MEMS techniques to enclose the array sieve 54, such as, for 
example, aluininum oxide or silicon. In a preferred embodiment, the sieve body 44 fiirther 
comprises a cap layer 66 which can be of any design such, that flie cap layer 66 makes intimate 
contact with the array sieve 54, while maintaininig a uniform separation from the existing 
substrate 42. Such a cap layer 66 could be made of any suitable material, such as, for example, 
aliuninum oxide or silicon. Such a cap layer 66 could be formed by any conventional MEMS 
process, such as growth or deposition over a sacrificial layer (not shown) deposited to 
encapsiilate the self-assembled nano-array sieve 54 wherein the sacrificial layer is subsequently 
removed to expose the self-assembled nano-array sieve 54 itself Alternatively, the cap layer 66 
and channel 68 could be formed in a single deposition step with the self-assembled nano-array 
sieve 54 being embedded into &e boundaries of the diannel 68 such that alternative difi^sion 
paths are avoided during electrophoresis. In a more preferred embodiment, one of the substrate 
42, HiQ cap layer 66, or sieve walls 50 is transparent such that an optical detector 60 can be used 
to interrogate the array sieve 54. 

Although the sieve body 44 shown in FIG, 5 coinprises a single sieve 54 confined within 
a narrow channel 68, any geornetiy of sieve channels 68 can be utilized. One alternative 
einbodmient is shown in FIG. 6, which shows a multiple channel sieve array 54 in which the 
array channels 68 are aligned in parallel on a single substrate 42 such tibat multiple or parallel 
processing of niolecular saniples can be carried out at one tune. In this embpdiment, multiple 
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molecular reservoirs 58 are utilized for introduction of the molecules 62 to the sieve body 44. : 
A single electric field generator 56 is utilized to apply a uiiiform across the entire array sieve 54. 
It should be understood timtvviulepara^^^ 68 are shown in FIGs. 5 and 

6, any'suitable alternative geometry of channels 68 may be utilized such as, for example, folded 
channels may be used to increase the length of the sieve path 54 without increasing the size of 
the sieve body 44. Although the embodiment shown in FIG. 6 discloses a multi-channel array 
in which the sieve channels 68 are separated by sieve walls 60, tfie multi-channel array could 
alternatively comprise a single "sheef of nano-array v^thout walls between the array channels 
68, In such an embodiment, the array channels 68 would be determined by the way the loading 
of the molecules 62 is perfomied because under the influence of the electric field 64, no 
significant lateral diffusion or interniixing of tiie samples should occur. For exaniple, if loading 
can be achieved over a width of 0.5 inln, a substrate 12 1 cm pri a side could hold 10 array 
channels 68, while if the array channel 68 widlh is only 50 )iin, up to 96 array channels 68 could 
be included on a single substrate 12. Such an embodiment could be used to. develop an 
electrophoresis device on a chip fox mobile detectiori and analysis of saniples. In 5uch an 
embodiment a portable power source (not shown) would alsio be integrated into the device 40. 

Aldiough the above embodiments comprise open reservoirs 58 into which molecules 62 
are inj ected, the molecules 62 caii be introduced iiito the nano-array sieve 54 by any conventional 
technique dependent only on the narrovmess of the array channel 68. For example, the molecules 
62 could be stored in a thin slab of agarose gel which could then be positioned next to one pf the 
edges of the array sieve 54. In such an embodiment, the molecules 62 would be released by 
application of the electric field 64. Alternatively, the apparatus could include means to inject 
molecular samples in narrow bands directly into the nano-array sieve 54. One potential technique 
is the gold wire technique in which a narrow strip of gold is used as a '^starting line". Molecules 
62 are bound to the gold by biasing the strip wdth a positive voltage. When the bias is sAvitched 
off, the molecules instantaneously migrate away fi*om the strip in a thin band. Another potential 
technique is electrokinetic hijection, which allows for the introduction of single molecules into 
a sieve. This technique is disclosed in a number df published articles, such as, for example, J. 
Cfe'amarog, A, vol. 894, pg. 191-201 (2000), wMch is inco^^ 

The electrical field generator 56 can comprise any suitable generator such tiiat an 
electromotive force is applied to the molecules 62 across the length of the sieve 54 via an electric 
field 64, such as, for example, positive and negative electrodes 70 in electrical contact with the 
proximal 46 and distal 48 ends of the sieve body 44. In such an embodiment, the electrodes 
could be inade of any suitable conducting material, such as, for example, Al, Au or Ag. While 
a steady, imiform electric field 64 is contemplated in the embodiment described above, any 
suitable electric field 64 can be utilized, such as, for example, DC fields and pulsed fields. 
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Additionally, any suitable electric field strength can be utilized such that sufficient separation of 
molecules can be obtained within a suitable tipiefi^ame. In a preferred embodiment, the field 
strength of the electric field 64 is between about 1 0 and 1 0,000 V/cm. 

The detector 60, can comprise any suitable detection means such that the molecules 62 
exiting the sieve can be monitored, such as, for example, a laser fluorescence spectrometer 
comprising a standard 488-nm laser source arranged such that the beam fi:om the laser 
interrogates the distal end 48 of the array sieve 54 and the resxilting fluorescence is collected by 
standard optics and photomultiplier tubes. Although the standard laser-induced fluorescence 
detector described above can be utilized for general separation and mobility analysis, in an 
alternative embodiment, ^ full DNA sequencing detector can be integrated into the device, 
utilizing four-color coding of the Sanger products. In such an embodiment, as shown 
schenaatically in FIGs, 5 and 6, the detector would comprise a light source 72, a binary 
superimposed gratijug 74 for naulti-wavelength difftaction and a four element photodetector array . 
76. Alternatively, a single molecule detection technique for the imaging of individual molecules 
62 could be utilized. In this embodiment a standard epi-fluorescence microscope with niercury . 
lamp excitation and an inexpensive charge-coupled device (CCD) camera or alternatively an 
im^e intensified camera can be utilized to obtain time-resolved images. Suitable cameras are 
sold commercially by a number of manufacturers, such as, for 'exaniple, the I-PeiitaMAX Gen 
rV Intensified CCD Camera sold by Roper Scientific. 

In apreferred embodiment of the sequencing detector 60 described above, the light source 
72 is a blue semiconductor light source emitting at a wavelength of 488 nm, the binary grating 
74 is a binary superimposed gratmg composed of an array of equal sized pixels, each having two 
values in the index of refi-action, spatially patterned according to a preprogrammed specific 
algorithm such that fluorescence emissions from the molecules 62 excited by the light from the 
light source 72 are separated based on the wavelength of the emission. In operation, during a 
Sanger reaction, the DNA molecules 62 are labeled with a specific dye for each of the four 
reactions in the presence of a chain-terniinatirtg dideoxynucleotides. In this manner, a particular 
dye is associated with a particular base (Adenine, Thymine, CytosineorGiwnine). Accordingly, 
when light firom the light source 72 impinges onthemoIecxUes 62, an emissions 
based on the specific chemistry of the dye will be emitted. The emission from the molecules 62 
is then focused on the binary grating 74, which sepamtes the four diff^ent wavelengths of the 
emission light and focuses the emission onto one of four spatially separated detectors 76, The 
output of each detector 76 is then monitored as a simple binary data stream to determine whether 
there is an input signal or not. A ftirther discussion of the above technique is disclosed in IEEE 
Photonic Tech. i., vol 10., pp. 839^841 (1998), which is incorporated herein by reference. 
, The signal monitor system for any of the above detection schemes can comprise any 
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^ suitable digital signal processor capable of measuricLg the signal change from the detector 72 and 

traiismitting that information to the user, such as, for example, a printed circuit board having a 

pre-amplifier, an AD converter and driver circuit, and a progr 
^ specific software; or a multichip module comprisi^^ 

A particular embodimeht of the electrophoretic molecular sieve 40, shown in FIG. 5 and 

described above the self-assembled nano-array sieve 54 is fabricated according to the design 

shown in FIGs. 1 and 4 via the process outlined in FIGs. 3a to 3d, comprising a uniform array 54 

of uniform self-assembled carbon nanotube nano-features having a mea^ 
10 aporesizeof about --30 nm on a'-lO mm substrate. A combination DC and pulsed electric field 

generator 56 is utilized to supply the electric field 64 to the sieve 54. 

A comparison of the design parameters of the electrophoretic molecular sieve device 40 " 

and the prior art electrophoretic devices is shown in Table 2, below. 
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Table 2: Device Design Parameters of Prior Art Devices and Prototype Device 


Device 


Volkmuthv/ 


Duke 


Turner 


Proposed 


Prototype 


Technique 


E-beam 
Lithography . 


E-beam 
Lithography 


E-beam 
Lithography 


Nanotube 
Arrays 


Nanotube 
Arrays 


Post diameter 


1 mm 


1 - 2mm 


100 nm 


10- lOOnm 


-^15 rnn 


Post Spacing 


2 mm 


2-4min 


200 nm 


30-lOOnni 


-30 mn 


Pore Size 


1 mm 


1 -2mm 


100 nm 


lO-lOOnm 


-ISnm 


Device Size 






15 mm 


< 10 mm 


< 10 mm 


Field Strength 


1 V/cm 


--3 V/cm 


L3-13 V/cm 


10-1,000 V/cm 


.10-1,000 
V/cm 


Field Type 


DC 


DC, Pulsed 


DC 


DC, Pulsed 


DC, Pulsed 


PN A 


dsDNA 


dsDNA 


dsDNA 


ssDNA, 
dsDNA 


ssDNA 


Process 


Fractionation 


Fractionation 


Fractionation 


Sequencing 
Fractionation 


Sequencing 


PNA Size 


3400 kbp 


10-200 kbp 


7,2-43 kbp 


-Ibp-Mbp 


<lkb 


Dynamics 


Hooking 


Hooking 

Linear 

Migration 









The device 40 can be optimized for mutation detection using multiple DNA fragments 
generated by dideoxy fingerprinting reactions throughanano-DOVAM-S (Detection Of Virtually 
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^ All Mutations-SSCP) data analysis technique. ITus type of technique utilizes conventional 
single-strand conformation i)olymorphism (SSCP), but is much niore efficient at mutation 
detection because it provides the redundancy of electrophoresis under five sets of sensitive and 
^ complementaiy conditions. By varying the operating conditions of the instrument the effects of 
• electrophoresis with different array matrices, buffers, temperatures, and additives on mutation 
detection can be determined. DOVAM-S is a robust raethod for scanning genomic DNA, its 
advantages include the parallel analysis of 45 to 50 samples using multiple amplified products 
per lane on each gel and the increase in sensitivity of mutation detection to --1 00%. Uti^^ 
10 nano-DOVAM-S method, mutations can be detected even if only one of the ten single-stranded 
segments displays an altered electrophoretic migration. A full discussion of the DOVAM-S 
technique is disclosed BioTechniques^ voL 26, pp. 932-942 (1999), which is incorporated 
herein by reference. 

While the generic nature of the conditions for^ DOVAM-S and the marked effect of 
buffers, additives and traiperature make it suitable for nano-airay niplecular sieve devices, 
alternative methods could be utilized, including simple SSCP, as well as SSCP in combination 
with another method in order to generate redundancy of inutatioii-containing sejgments, such as, 
for example, dideoxy fingerprinting (ddF) and bidurectional dideoxy fingerprinting (BirddF) in 
20 which SSCP is combined with a Sanger dideoxy tenniiiation reaction usmg only one dideoxy 
terminator. Another alternative niethod is rcistriqtionendon^ 
. combines SSGP vnth restriction endonuc 
segments. 

In the DOVAM-S process, the genomic DNA is first amplified by PGR to produce 
■ \ segments to be'analyzed by nano-DOVAM-S. The use of an electrophoresis sieve device in the 
method nano-DOVAM-S should .permit the use of extremely small volume pre|)arations 
facilitating rapid PGR performance at much reduced cost. Several micro and nano-^scale PGR 
methods are available including capillary microfabricated silicon microreactors coupk^ 
20 separation platforms for the preparatiori, performance and delive 

. J: Chromatogr. 4 , vol. 853, pp. 107-120 (1999). Micro/nano-PCR methodologies are currently 
commercially available or in developnlent by Galiper and Nanogen. PGR primers are labeled 
with one of four fluorescent dyes used in the BigDye™ tenninators manufactured by jPE Applied 
Biosystems for ABI sequencing (R6G (green), ROX (red), Rl 10 (blue), arid TAMRA (black)), 
35 Several (up to 18) PGR products firom one sample are typically pooled for the nano-DOVAM-S 
assay. 

The s^ples woidd then be loaded into the apparatus and the device run such that the 
region of interest (1 50-300 nucleotides) migmted past the detector in approximately a 20 minute 
^ interval, Potentially a CCD detector could be utilized that would make 15 measurements per 
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^ second over multiple array channels such that 18,000 measurements could be taken and analyzed 
in a single data run. Using 10 lanes, and three samples with 20 segments each per ^a^ei, and 
detecting all lanes in parallel, the present technique could potentially scan 600 DNA sQgnients 

^ per 20 minutes or 1-2 Mb of DNA per day, this is compared to the 1-2 Nib of DNA per month 
rate of analysis of conventional gel-electrophoresis techniques. 

Utilizing the above techiuque, it is anticipated that mutations of various types, including ' 
missense, nonsense, splice mutations, insertions and deletions can be detected. Included among 
the point mutations are transitions (G:C>A:T at and not at CpG sites; A:T>G:C) and. 

10 transversions (G;C>T:A; C>C:G; A:T>T:A; A:T>C:G). Although the above discussion has 
focused on utilizing the molecular sieve of the ciment invention for detecting mutations, such 
a device could be utilized for any purpose for wWch conventional gel-based and micro-^ 
molecular sieves can be used, such as, for example, DNA fingerprinting, sequencing, etc. 

Although specific embodiments are disclosed herein, it is expected that persons skilled 
in the art can and will design alternative molecular sieves" methods to produce the molecular,, 
sieves and/or moiecdar sieve ii^;tnnnents tlmt are wi 
Uterially or under the Doctrin . 

.20 • . - " V ■ . : .. ' : ' ' • ' ■ ■ 
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....... .. . . . _ ^ . ....... 

1 WHAT IS CLAIMED IS: 

- 1 . A non-gel self-assembled nano-array sieve for producing a mobility distribution 
in a sample comprising,a substrate and a plurality of self-assembled nanofeatures wherein each 

^ nanofeature has a center point, a cross-sectional dimension and. an outer surface and wherein the 
nanofeatures are fixedly attached to the substrate in a periodic array such that the distance 
between the center points of two adjacent nanofeatures defines a lattice spacing and the distance 
between the outer surfaces of two adjacent nanofeatures defines a pore size for the sieve and 
wherein the pore size of the sieve is chosen such that a molecule of Ihe sample can be tr 

10 through the sieve at a characteristic velocity, r 

2. The array sieve according to claim 1 wherein the substrate is made of a material 
selected from the group consisting of silicon, alumina, glass or plastic. 

3. The array sieve according to claim 2 wherein the substrate is fi^ 
a metal selected from the group consisting of gold, aluminum and titanium, 

4. The array sieve according to claim 1 wherein the substrate has a plurality of 
. ; germination points con*esponding to the perio(U^^ . 

5. Thearray sieve according to claim 3 wherein the metal is mod^ 

6. The array sieve accordmg to claim 1 wherein the substrate further comprises a 
2Q catalytic material deposited thereoiu 

.1, The array sieve according to claim 6 wherein the catalytic material is selected 
frqin the group consisting of Ni, Co or a WCo alloy. 

8. The array sieve according to claim 1 wherein the nanofeatures have.a uniform 
size. . ■ ■ 

9. The array sieve according to claim 1 wherein at least two differently dimensioned 
nanofeatures are disposed on the substrate surface; 

10. • The array sieve according to claim 1 wherein the nanofeatures. have a cross- 
sectional dimension of about 10 to 100 nm. 

2Q 11- The array sieve according to claim 1 wherein the array has a lattice spacing of 

about 10 to 100 nm. 

12. Thearray sieve according to claim I wherein the arra^ 
to lOO nm. 

13. The array sieve according to claim 1 wherein the substrate has an area of about 
35 Imm^tolcm-, 

14. The iarray sieve according to claim 1 wherein the periodic array is a uniform 
, periocUc array having a iiniform lattice spacing between nanofea^ 

15. The array sieve according to clma 1 wherein the periodic array has at least two 
different lattice spacings. 
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V 16: Tie array sieve according to claim 1 wherein the periodic array is a staggered 

periodic array. 

17. The array sieve according to claim 1 wherein the nanofe^ 
^ 18. The array sieve according to claim 1 wherein tiie hanofeatures are grown by self- 

assembly on the substrate. 

19. The array sieve according to claim 1 wherein the nanofeatures are nanotubes. 

20; The aixay sieve according to claim ! where^^ 
molecules is size dependent. 
10 21. An electrophoretic device for producing a mobility distribution in a sample 

contairung a plurality of inolecules coniprisirig: 

a non-gel self-assembled nanofeature array sieve having proximal and distal ends, the 
„ sieve comprising a substrate and a plurality of self-assembled nanofeatures wherein each 
nanofeature has a center point, a cross-sectional dimeiision and an outer siurface and wherein the 
naiiofeatures are fixedly attached to the substrate in a periodic array such that the distance 
between the center points of two adjacent naiiofeatures defiiies a lattice spacing and the distance 
between the outer surfaces of two adjacent nanofeatures defines a pore size for the sieve and 
wherein the pore size of the sieve is chosen such that the molecules of the sample can be 
20 triEinsported through the sieve at a characteri^^ 

a molecular reservoir in fluid cpinmunication with the prokimal end of the sieve for 
mtroducmg the molecules into the siev 

a detector arranged at the distal end of thq sieve such that the molecules passing out of 
. the sieve are detected and a signal generated; 

an electrical field generator for producing an electric field in field communication with 
the sieve, the reservoir and the detector such that the electrical field induces the molecules in the 
reservoir to move through the sieve to the detector; and 

a monitor in signal communication with the detector to communicate the signal to a user, 

22. The electrophoretic device according to claim 2 1 , further comprising a sieve body 
having proximal and distal ends and defining an internal volume and wherein the sieve is 
coxifined within the internal yoliime. 

23 / the electrophoretic device accordnig to claim 21, one of the substrate or sieve 
body is traiisparent; 

35 24. The electrophoretic device according to claim 21 wherem the sieve b 

of a material selected from the group coiisisting of silicon, alumma, glass and plastic. 

25. , The electrophoretic device according to claim 21 whereui the substrate is made 
of a material selected from the group consisting of silicon, alumina, glass and plastic. 
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26. The electrophoretic device according to^ 

coated with a metel selected from Ae group consisting of gold, alimiiiiiun and titanium. 

27. The electrophoretic device according to claim 25 wherem 

. Al. ■ 

28. The electrophoretic device according to claim 21 wherein the substrate further 
comprises a catalyst deposited thereon , 

29. The electrophoretic device according to claim 28 wherein the catdyst is select^^ 
from the group consisting of Ni, Co era Ni/Co alloy. ' . 

30. The electrophoretic device according to claim 21 wherein the nanofeatures have 
a uniform size. 

.31. The electrophoretic device according to claim 21 wherein.at least two differently 
dimensioned nanofeatures are disposed on the substrate surface. ' 

32. The electrophoretic device according to claim 2 1 wherein the nanofeatures have 
a cross^sectional dimension of about 10 to 100 nm. 

33 i The electrophoretic device according to clam 
spacing of about 10 to 100 nih. 

34. The electrophoretic device ac<x)^^ 
of about 10 to 100 nm. . ■ 

: 35. Theelectrpphoreticdeviceaccordinjgtoclaiiri21wh 
pf about 1 nun^ to 1 cm\ ; 

36. The electrophoretic device accdrdmg to claim 2 1 wherein the periodic msy is a 
uniform periodic array havmg a uniform lattice spacing between nanofeatures. 

37. The electrophoretic device according to claim 2 1 wherein the periodic array has 
at least two different lattice spacings. 

38. The electrophoretic device according to claim 2 1 wherein the periodic array is a 
staggered periodic array. 

39. The electrophoretic device according to claim 21 wherein the nanofeatures are 
made of carbon. 

40. The electrophoretic device according to claim 2 1 wherein the sieve body forms 
at least one channel. . 

41. The electrophoretic device according to claim 2 1 wherein the sieve body forms 
a plurality of parallel channels. ^ 

42. The electrophoretic device according to claun 21 wherein the detector is a laser 
induced fluorescence spectrometer. 

43 . The electrophoretic device according to claim 21 whereui the detector comjprises 
a binary supergrating optic. / 

• • '. , • ' ' ' ' ' 
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^ 44. The electrophoretic device according to claim 43 wherein the detector comprises 

a photodiode array com^prising a plurality of spatially separated photodiodes. 

45. The electrophoretic device according to claim 21 whereiiith^ 
a CCD camera. 

46. The electrophoretic device according to claim 21 wherein the electrical field 
genemtor is a pair of electrodes. 

47. . . The electrophoretic device according to clakn 21 wherein the electric field is a 
constant DC field having a DC field vector and a field strength. ' 
10 48. The electrophoretic device according to claim 47 wherein the electric field fiirther 

comprises a pulsed field having a pulsed field vector angled transverse to the DC field vector. 

49. The electrophoretic deyice according to claim 47 r wherein the field strength is 
about 10 to 10,000 V/cm, 

50. The electrophoretic deyice according to claim 21 whrarein the mplec\iles have a 
size of about 3 bp to 100 Mbp. 

5 1 . . The electrophoretic device according to daim 21 wherein 
orRNA. 

52. The electrophoretic device according to cleum 21 wherein the molecules are 
20 labeled with a dye. 

53. The electrophoretic device according to claim 21 wherein the reservoir comprises 
one device selected from the group consisting of an agarose gel, an electrokinetic injiector and 
a positively charged gold wire. 

54. The electrophoretic device according to claim 21 wherein the nanofeatures are 
chemically fimctionalized. 

55. The array sieve according to claim21 wherein the nanofeatures are grownby self- 
assembly on the substrate. 

2Q 56. The array sieve according to claim 2 1 wherein the nanofeatures are nanotubes. 

57. The array sieve according to claim 21 wherein the characteristic velocity of the 
molecules is size dependent. 

58. A method of separatiiig a plurality of molecules in a sample comprising the steps 

of: 

35 providing a non-gel self-assembled nanofeature array sieve having pro 

ends, the sieve comprising a substrate and a plurality of self-assembled nanofeatures whereui 
each nanofeature has a center point, a cross-sectional dimension and an outer surface and wherein 
the nanofeatures are fixedly attached to the substrate in a periodic array such that the distance 
between the center points of two adjacent iianofeatures defines a lattice spacing and the distance 
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1 between the outer surfaces of two adjacent nanofeatures defines a pore size for the sieve and 
wherein the pore size of the sieve is chosen such that the molecules of the sample can be 
transported through the sieve at a characteristic velocity; 
^ introducing the sample into the proximal end of the sieve; 

apply ing power to an electrical field generator in field communication w 
that an electric field having a field vector and a field strength is projected from the proximal to 
the distal end of the sieve such that the sample is mduced to mov^ 
end of the sieve; 

1 6 detecting the distribution of tilie sample at the distal end of the sieve and communicating 

the distribution to a user. 

59. The method according to claim 58 wherein ilie characteristic velocity of the 
molecules is size dependent. . 

60. ITie method according to claim 58 w 

61. A method of separating molecules in a sample by size dependent mobility 
^ comprising utili2ing ^ electrophore^ 
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